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people working in regeneration, and that has allowed development to go off in a different direction, which doesn't make any sense because regeneration is development also. I was once at a conference in the late eighties, at a time when the universality of developmental mechanisms was really becoming graphically clear, and everyone in developmental biology was reading the Drosophila literature. Some graduate students at that conference, from chick limb labs, told me that they were "so glad regeneration had nothing to do with development" because that meant that they didn't have to also read all the regeneration literature! If a thought-leader like Lewis had championed and incorporated regeneration, I think both fields would be in different places than they are now.
That took you to thinking about a Ph.D.?
Right. I wanted to do a Ph.D. in regeneration and I went to the lab of Angus Bellairs 1 , a first class comparative anatomist, who was working on caudal autotomy [lit. self-severing, Ed.] in lizards. I got a grounding in the basic histology, anatomy and evolution of vertebrates. Meanwhile, Angus was interested in regeneration in the adult and embryonic lizard tail, so I was able to work on that system (Bellairs and Bryant 1968; Bryant and Bellairs 1970) . I was married to Pete Bryant at that timeyes, he is also a Brit. We had met as undergraduates at King's College, and he completed a D.Phil. at Sussex. He and I were looking for postdoc positions in the same geographical location. The one place where we both found terrific mentors was at Case Western Reserve University in Cleveland, Ohio (USA). I joined Marcus Singer 2 , a regeneration pioneer whose work demonstrated the role of the nerve in regeneration in amphibians. Singer was working on newts (Notophthalmus viridescens) -I didn't switch to axolotls (Ambystoma mexicanum) until later. The Singer lab was my introduction to regeneration in amphibians Singer and Bryant 1969) . Pete joined Howard Schneiderman 3 , a pioneer in promoting Drosophila as a genetic model for developmental biology, and in his lab did some of the first developmentally motivated experiments 4 on Drosophila -working on imaginal discs. A couple of years after we arrived in California, Howard was recruited as Dean of Biological Sciences at UC, Irvine -both Pete and I moved with Howard, joined the faculty, and made our careers at Irvine. We both remarried over 20 years ago.
What was it like at Irvine back in the early days?
The Developmental Biology Center at Irvine was the place to be for developmental biology at that time. It was physically located slightly off-campus; it was special because it was isolated, and it was all developmental biology, all the time. The front door opened into the seminar room so you couldn't get in or out gracefully without participating in group activities; and that was where we all ate lunch together and talked about ideas and science. At Irvine, I started to work on axolotls. The reasons were the same then as now: they are easy to breed in captivity; there is a federally-funded resource 5 ; and the animals do not need to be collected from the wild, thereby avoiding contributing to the decline of wild populations. Newts are difficult to breed and there are no genetic resources for them. We work on axolotls because it is the 'lab rat' of regeneration.
You emphasize in your research that regeneration is linked to pattern formation, and you particularly championed intercalation -in some respects an alternative to morphogen-based positional information models.
I have never found a reason to give up on intercalation 6 . [intercalation is a type of regeneration in which missing positional values are restored where the amputation surfaces are in contact -Ed.] Local cell-cell interactions continue to provide the best fit to the data. And as time has gone on, the idea that there is longrange chemical signalling has just evaporated. It has not found the evidence that was needed, but because of its simplicity and elegance, it survived as a dominant view for a very long time. Work on amphibian regeneration has led us to the idea that the pattern of the body is encoded in a 2-dimensional folded sheet of fibroblasts into which other cell types are recruited -including specialized cell types such as muscle, nerves and blood vessels. The 2D fibroblast grid controls the patterning and Notes: 1 Angus d'Albini Bellairs (1918 Bellairs ( -1990 . See obituary by Bryant (1991b) . 2 Marcus Singer (1914 Singer ( -1994 . See (Nordlander et al. 1995) . 3 Howard A. Schneiderman (1927 Schneiderman ( -1990 ; for obituary, see Bryant (1991a) . 4 See Bryant et al. (1978) ; Bryant and Schneiderman (1969) ; Kirby et al. (1982) ; Kirby et al. (1983) ; Poodry et al. (1971) ; Schneiderman and Bryant (1971) . 5 Ambystoma Genetic Stock Center, University of Kentucky (Smith et al. 2005 behaviour of non-fibroblasts. In amphibian regeneration, fibroblasts alone, plus epidermis are sufficient to form a normally patterned but muscle-less limb.
You published a paper with Dave Gardiner and Ken Muneoka
where you highlighted a major contribution of the dermal fibroblasts in the axolotl regenerating limb (Gardiner et al. 1986 ). This is different from the chick limb bud where the progress zone is doing the work.
Right, but where does the progress zone come from? The chick limb progress zone comes from the superficial layer of the flank, so I think we are talking about the same thing in both cases: a layer of superficially located mesenchyme cells. In the embryo, this layer is called the lateral plate mesoderm, and in the regenerate, it is called the superficial dermis. As the limb bud grows out, I would argue that it does so as we have described in regeneration -from a zone beneath the apical epidermis at the centre of the wound or centre of the limb field, where cells with different positional identities in the circumference and along the proximaldistal axis are in contact and are interacting and making the pattern. The recent evidence that fibroblasts can be converted into pluripotent cells is perfectly in line with the idea that fibroblasts, which have always been regarded as the 'junk' cells of the body, are actually the master pattern formation cells. That's what we have been saying from the earliest days of regeneration because that is their role in regeneration, and hence why would they not also have the same role in development?
What we think is happening in regeneration is that the dermal fibroblasts are forming the early part of the blastema, and then the de-differentiated precursors of specialised cell types move in. But the first cells to migrate are the dermal fibroblasts and they form the niches needed by all other cells. If you regenerate an entire limb from fibroblasts, it doesn't develop muscles, it just has muscle sheaths. So the view we developed is that the fibroblasts have the instructions for the pattern. They create this 2D sheet and, as in the polar coordinate model, they provide positional cues.
I don't see why this should be different in development. In chick limbs what is different is that you can't tell what the cells are because they are undifferentiated. But they are all mesenchymal, and so what we are talking about in the embryo limb bud is that the mesenchymal precursors of fibroblasts are controlling the pattern. Expression profiling (Rinn et al. 2006 ) is showing that fibroblasts from different parts of the body have different patterns of gene expression, making it feasible that they could have sufficient diversity to provide the patterning template of the body.
When people juxtapose different chick limb bud regions, they sometimes get a duplication. Could that be evidence of intercalation?
Yes, because you get growth in between. The thing about grafting experiments is that interactions are very local. All pattern formation models that exclude growth are missing one of the major events of development.
For the last 25 years or so, I have had a collaborative research program with my husband David Gardiner. The experiments going on now are funded by a team grant from the Defense Advanced Research Projects Agency (DARPA); David is a principal investigator and Ken Muneoka, at Tulane University, is head of the team.
One of the things that has held back regeneration research is that the animals that do it best, do it whenever they are injured. What Dave and his group have developed is an axolotl system in which regeneration can be broken down into a series of steps, making it possible to look for factors that promote to the next step (Endo et al. 2004) . For example, there is now an assay to help identify factors that can substitute for the nerve in the formation of a blastema.
What about the zebrafish; do you think that zebrafish caudal fin regeneration is a good model?
I don't think it is as useful as regenerating appendages in axolotls, based on the biology. Zebrafish fin regeneration is a more limited kind of regeneration -equivalent to regenerating the tips of digits, a feat that it shares with mice and humansrather than regenerating an entire appendage. Ken Muneoka has been using mouse digit tips as a mammalian model because they do regenerate digit tips, and have the necessary genetics (Han et al. 2003; Reginelli et al. 1995) . Zebrafish may well prove important in contributing to figuring out common mechanisms. But personally, I have always been more interested in understanding how to regenerate a limb.
What is the Holy Grail in your field? To trigger the formation of a human blastema perhaps?
Yes, and I now believe it is possible. I didn't believe that in the early days. But current advances in genomics and technology are so profound that it must be possible. Its clear that there are a few steps right at the beginning of regeneration that make the decision between regeneration and wound healing. I don't believe there necessarily will be special 'regeneration genes', and I don't think regeneration is 'primitive'. I think the difference between urodeles and mammals is in the way that genes are deployed. I think there is something special about urodeles; they have evolved steps that have allowed them to plug back in to developmental pathways. There are a few steps at the beginning of wound healing and regeneration that are not like development, however, and so it is the linkage back to development that they have evolved. I think regeneration is adaptive in the simple sense that having a missing part grow back has to be useful. In mammals, fibroblasts don't participate in regeneration; they form scar tissue, so other factors need to be present if they are to make the choice between regeneration and repair.
In mammals we have found that hair can regenerate in the centre of mouse wounds (Chuong, 2007), but we don't know where the cells come from.
This is an exciting result that suggests that the underlying fibroblasts can interact with the overlying keratinocytes to induce re-development (regeneration) of hair follicles. It indicates that mammalian fibroblasts may have hidden potentials.
Xenopus regeneration ability drops off at metamorphosis. What is the situation concerning metamorphosis and regeneration in urodeles?
Well, axolotls do not usually go through metamorphosis, al- Fig. 4. Susan Bryant, photographed Assistant Professor, 1969 -1976 Associate Professor, 1976 Professor, 1980 though they can be induced to do so. But other urodeles -Notophthalmus, for example -do go through metamorphosis, and can regenerate perfectly. Therefore, regeneration has nothing to do with the presence or absence of metamorphosis. Again, lizard tail regeneration is another completely different type of regeneration, and it occurs in the adult. I actually think that anurans are not too dissimilar from birds and mammals: they can regulate and recover from damage before differentiation. What they don't know how to do very well is to dedifferentiate, so they don't generate the stem cells needed for regeneration. Based on what we know of regeneration in different taxa, it
What about tissue engineering? By studying urodeles, I hope we can identify the necessary triggers for regeneration, and apply them to humans. But if we can't activate mammalian fibroblasts in the same way that we can activate amphibian ones, then maybe we will have to piece bits together: some regeneration, some tissue engineering. Successful regeneration will require both the ingenuity of engineers, as well as the knowledge of the developmental mechanisms that control pattern formation. 
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seems that regeneration is an adaptation to reuse the existing developmental pathways. What is evolved is the linkage back to these pathways, and that is why regeneration has different characteristics in different species groups that display it -they may all be independently evolved.
Although both urodeles and lizards regenerate their tails, the processes differ greatly. Maybe it is the evolution of the links to re-access developmental programs that are unique, and lead to different outcomes. In the lizard case, the regenerated tail serves the same function as the original, but differs in its development and final appearance from the original. The regenerated tail has an ependymal tube but doesn't make new dorsal root ganglia. The nerves that come out of the last surviving set of ganglia just grow down into the tail. Axolotls can regenerate tail, limbs, parts of the brain, eye and jaw that are indistinguishable from the original, and so whatever it is that they have discovered takes them right back into the developmental pathway.
Do you have any advice to young scientists?
Focus on the big ideas! Developmental biology has become so detail-orientated that it is hard to see that there is a big picture. It is also helps to have a great teacher. Even though Lewis Wolpert and I have had different views about the way pattern formation works, he still was my main inspiration. I admire his life-long struggle to understand pattern formation (see interview with Lewis Wolpert by M. Richardson in Richardson, 2009 ) . This was the gift he gave to me, and in that I will always feel a kinship with him. We came to different conclusions about mechanisms, but that is mainly because I work on the regeneration of pattern in adult vertebrates, and his focus has been on the development of pattern in embryos.
What do you see as the future of regeneration research?
I am really excited about stem cell biology . Although people are growing stem cells and treating them to form different cell types, they are not necessarily focused on their fibroblast niches. If we are lucky, replacement cells, derived from stem cells and transplanted into a damaged tissue, may find enough of a niche in the surviving tissue remnant to undergo regeneration. Stem cell research today reminds me of the the early days of tissue culture in general. Cultured cells could be caused to differentiate in particular directions, and this became the focus of developmental biology. But of course patterning is about organising the differentiation, and that is why fibroblasts are so interesting to me -but maybe not to everyone!
